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SOURCE STUDY OF THE 1906 SAN FRANCISCO EARTHQUAKE 
BY DAVID J. WALD*, HIROO KANAMORI, DONALD V. HELMBERGER AND 
THOMAS H. HEATON 
ABSTRACT 
All quality teleseismic recordings of the great 1906 San Francisco earth- 
quake archived in the 1908 Carnegie Report by the State Earthquake Investiga- 
tion Commission were scanned and digitized. First order results were obtained 
by comparing complexity and amplitudes of teleseismic waveforms from the 
1906 earthquake with well calibrated, similarly located, more recent earth- 
quakes (1979 Coyote Lake, 1984 Morgan Hill, and 1989 Loma Prieta earth- 
quakes) at nearly co-located modern stations. Peak amplitude ratios for cali- 
bration events indicated that a localized moment release of about 1 to 1.5 × 
1027 dyne-cm was responsible for producing the peak the teleseismic body 
wave arrivals. At longer periods (50 to 80 sec), we found spectral amplitude 
ratios of the surface waves require a total moment release between 4 and 
6 × 1027 dyne-cm for the 1906 earthquake, comparable to previous geodetic 
and surface wave estimates (Thatcher, 1975). We then made a more detailed 
source analysis using Morgan Hill S body waves as empirical Green's Func- 
tions in a finite fault subevent summation. The Morgan Hill earthquake was 
deemed most appropriate for this purpose as its mechanism is that of the 1906 
earthquake in the central portion of the rupture. From forward and inverse 
empirical summations of Morgan Hill Green's functions, we obtained a good fit 
to the best quality teleseismic waveforms with a relatively simple source 
model having two regions of localized strong radiation separated spatially by 
about 110 km. Assuming the 1906 epicenter determined by Bolt (1968), this 
corresponds with a large asperity (on the order of the Loma Prieta earthquake) 
in the Golden Gate/San Francisco region and one about three times larger 
located northwest along strike between Point Reyes and Fort Ross. This model 
implies that much of the 1906 rupture zone may have occurred with relatively 
little 10 to 20 sec radiation. Consideration of the amplitude and frequency 
content of the 1906 teleseismic data allowed us to estimate the scale length of 
the largest asperity to be less than about 40 km. With rough constraints on the 
largest asperity (size and magnitude) we produced a suite of estimated syn- 
thetic ground velocities assuming a slip distribution similar to that of the Loma 
Prieta earthquake but with three times as much slip. For purposes of compari- 
son with the recent, abundant Loma Prieta strong motion data set, we "moved" 
the largest 1906 asperity into Loma Prieta region. Peak ground velocity ampli- 
tudes are substantially greater than those recorded during the Loma Prieta 
earthquake, and are comparable to those predicted by the attenuation relation- 
ship of Joyner and Boore (1988) for a magnitude M w = 7.7 earthquake. 
INTRODUCTION 
The great 1906 San Francisco earthquake began an era in earthquake seis- 
mology. Following this earthquake, direct observations of surface displacement 
combined with the analysis of the surrounding crustal deformation led Reid 
(1910) to formulate the elastic rebound theory. Although much has been learned 
from the numerous tudies of the 1906 earthquake, a systematic analysis of the 
recorded teleseismic body and surface waveforms has not been made. Yet, the 
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seismic recordings of the 1906 earthquake have been well preserved in the Atlas 
of the 1908 Carnegie Report by the State Earthquake Investigation Commission 
(Lawson, 1908), hereafter referred to as the Atlas or the Report. It is the 
authoritative r ference and summary of the 1906 earthquake, including eologi- 
cal observations, the effects of ground shaking, and all the data collected 
following the earthquake. In this study, we revisit the waveform data set 
contained in the Atlas and analyze the data in the context of modern source 
analysis. 
The need to understand the ground motion hazard potential from earth- 
quakes in the San Francisco area has been rekindled by the occurrence of and 
damage from the 1989 Loma Prieta earthquake. The Loma Prieta event has 
provided a valuable strong motion data set for analysis of source complexity and 
ground motion damage from a magnitude 7 earthquake. Unfortunately, local 
strong ground motion data from the (much larger) 1906 earthquake was limited 
to one off-scale, partial recording on the Ewing three-component seismograph at
Mt. Hamilton (Boore, 1977). Few strong motion recordings have been made from 
any large strike-slip earthquakes. However, it is possible to obtain source 
information relevant to understanding the local strong motions through analy- 
sis of the teleseismic data. 
In a separate study of the Loma Prieta earthquake, Wald et al. (1991) 
inverted the broadband teleseismic and local strong motion to determine the 
temporal and spatial distribution of slip. Separate inversions of the teleseismic 
data (periods 3 to 30 sec) and strong motion data (periods 1 to 5 sec) resulted in 
similar rupture models. Hence, the broadband teleseismic data has the capabil- 
ity of providing important constraints on the nature of the strong motions at 
]ong periods, independent of the strong motion recordings. In the study that 
follows, we apply this insight to the 1906 earthquake, although clearly the 
quality and bandwidth of the historic data are not as impressive as the modern 
digital, broadband ata. 
Our study focuses on several important unresolved issues relevant o the 
1906 rupture. Was the 1906 rupture complex or were there large portions of the 
fault where rupture was fairly uniform? What was the nature and location of 
fault asperities? As we will show, the body waveforms are fairly simple consid- 
ering the rupture duration expected for such a large rupture length (at least 
300, and likely 430 km). Did the Loma Prieta section of the fault have a dip-slip 
component? The geodetic study of Segall and Lisowski (1990) requires a few 
meters of strike-slip motion for 1906 along the Loma Prieta segment of the 
fault, but their data does not rule out a thrust component comparable to the 
Loma Prieta earthquake at greater depths. Is there evidence for a dip-slip 
component in this or other portions of the fault? We address these issues in this 
study. 
Processing and interpreting the turn-of-the-century seismic data recorded 
presented many challenges. However, we believe that the historic data are 
valuable despite their limitations, and thus, it is desirable to try and obtain as 
much information from them as possible considering the importance of the 1906 
San Francisco earthquake. Hence, we have revisited the data available for the 
1906 earthquake in an effort to place constraints on the nature of that rupture, 
relate the radiated seismic energy to fault breakage and geodetic offset mea- 
surements, and to determine its relationship to the Loma Prieta rupture. 
Although the records of the 1906 earthquake alone may be insufficient to 
SOURCE STUDY OF THE 1906 EARTHQUAKE 983 
resolve the above questions, the use of records from the Loma Prieta, Morgan 
Hill, and Coyote Lake earthquakes first as calibration events, and then as 
empirical Green's functions assists in extracting important information from 
this unique data set. The analysis of the teleseismic data proves useful in 
answering questions about fault rupture style on the San Andreas Fault and 
asperity positions in addition to allowing an estimation of strong ground mo- 
tions likely experienced during the 1906 earthquake. 
OVERVIEW OF PREVIOUS STUDIES 
The significance of the 1906 earthquake resulted in careful collection and 
mapping of the geologic, geodetic, seismic, and sociological data. A wealth of 
investigations have been made, and scientific studies of this event still appear 
in the geophysical literature occasionally. The occurrence of the 1989 Loma 
Prieta earthquake rejuvenated interest in previous San Francisco Bay area 
earthquakes, particularly the 1906 event. Most recently, reanalysis has been 
made of both the geodetic (Segall and Lisowski, 1990) and surface offset data 
(Prentice and Schwartz, 1991). Constraints on the rupture characteristics are 
provided by previous tudies of the epicenter, surface offset, geodetic slip, and 
mapped isoseismal distributions. 
Surface Offset and Geodetic Observations 
The 1906 surface rupture is known to have ruptured about 300 km from San 
Juan Bautista (or Chittenden) to Point Arena (Fig. 1). It is commonly assumed 
that the rupture continued offshore for 140 km to Cape Mendocino. This was 
initially based on an observation ofsurface rupture at Shelter Cover (near Point 
Delgada, Fig. 1), although the amount of slip at Point Delgada was never 
documented, and it might not be of tectonic origin. Other equivocal evidence for 
offshore rupture is suggested by other observations, but questions about the 
offshore extension of rupture have not been eliminated. Observations that 
support he extension of rupture offshore include the impressive ground shaking 
and damage in the Cape Mendocino region as shown by the 8 to 9 Modified 
Mercalli isoseismal values (Fig. 2). In addition, a linear zone of strong shaking 
(X on the Rossi-Forel scale), narrower but similar to regions along the fault 
trace further south, is evident in the Atlas map of apparent intensities but is 
not so clear because of the limited number of data points in Figure 2. The 
Report also documents many strongly felt aftershocks within the same region, 
many of which occurred locally considering they were not reported at locations 
toward the southeast. Furthermore, geodetic modeling by Thatcher and Lisowski 
(1987a) favors about 4 to 6 m of displacement to a depth of 10 km on the 
offshore region to satisfy the distortion of the geodetic network onshore to the 
east. 
Alternatively, the strong shaking along the extension of the northwest termi- 
nus of a rupture propagating over 200 km in that direction would be expected 
from the effects of source directivity. Likewise, aftershocks commonly occur well 
off the end of the rupture zone (i.e., the 1992 Landers earthquake) and thus do 
not necessarily reflect the true source dimension. Concerning the geodetic 
evidence for large 1906 offsets offshore, the data of Thatcher and Lisowski 
(1987a) spanned a very long duration from about 1880 to 1940 and were, of 
course, limited to a one-sided, onshore network well east of the rupture. 
Therefore, their resolution is not good, and any displacement observed was not 
984 D. J .  WALD ET AL. 
0 ,J,-,,I 
0 
40 
38 
36 
",- ~"" t 'A ,~ '~,'' ~ i 
I '  ,. 
Po in t  Delgada 
Po int  
Arena  
j* 
For t  Ross 
i)\..~:-~ 
\ 
Point Re~. ~ 
San Franc isco  
\ 
M ~ . 
"\ 
\ / I  • 
\ , 
1906 
D84 
0 ~ 100 
I I '  I 
\ '-,.., \ , \  
\ \  
I I 
-124 -122 
Lat i tude 
FIG. 1. Location map showing rupture length (thick line) of the 1906 San Francisco earthquake. 
Arrows refer to significant changes in the strike of the San Andreas Fault. The epicenter of Bolt 
(1968) is represented as a star. Focal mechanisms indicate location and faulting geometry of 
calibration events. 
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FIG. 2. Modified Mercalli shaking intensity map (Toppozada nd Parke, 1982). The thick line 
represents the trace of the San Andreas Fault and the extent of intensity VII + is indicated with a 
dashed line. 
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necessarily coseismic. There is no clear documented evidence for tectonic surface 
rupture associated with the 1906 earthquake at the northernmost end of the 
assumed rupture, nor have any paleo-earthquakes been associated with the San 
Andreas north of Point Arena (D. Merrits, personal communication, 1991). 
Furthermore, McLaughlin et al. (1979) discuss adularia veins (dated older than 
10 million years BP) that cross the terraine boundary at Point Delgada. Accord- 
ing to McLaughlin et al. (1979) these northeast striking veins are crossed with a 
steeply dipping northwest-striking fault that many workers regard as the 
on-land extension of the San Andreas Fault. However, the mineralization and 
cross-cutting relation of the faults, which show little or no offset, indicate that 
no significant motion has occurred along the purported San Andreas Fault trace 
since late middle Miocene time. Finally, the commonly assumed connection of 
the San Andreas Fault from Point Arena to Point Delgada, requires a bend in 
the San Andreas strike more significant (> 20 °) than anywhere else along the 
northern portion of the fault. It might be expected to behave as a source of 
high-frequency radiation during a rupture that traversed such a geometric 
obstacle. There is little significant evidence for radiation from this section of the 
fault in the teleseismic recordings. The shorter (300 km) rupture length is more 
consistent with the effective rupture length of 240 km determined by Ben- 
Menahem (1978) for this earthquake based on surface wave analysis. This is not 
to suggest hat the rupture did not continue offshore, but rather to point out 
that any conclusion on this issue is not without question. 
In order to model this event, we divided the rupture length into three 
segments: the northwest, central, and southeast portions of the full rupture. 
The arrows on Figure 1 depict the boundaries between these segments. Note 
that there is a significant change in strike between the segments going from 
N15°W in the northeast o N35°W in the central section to N50°W in the 
southeast. In the central portion of the rupture, surface offset averaged nearly 4 
m from south of San Francisco to Point Arena where it heads offshore. In the 
southeastern section, the surface offset is difficult to quantify and is much 
smaller than to the northwest. The historical data provides no unequivocal 
estimates of surface slip, although offset in Wright's tunnel amounts to 1 to 
1½ m and is considered one of the more reliable measurements (Prentice and 
Schwartz, 1991). The geodetic data require the slip at depth to be about 2 to 3 m 
from San Juan Bautista through the Loma Prieta section and between about 5 
and 7 m along the central segment (Thatcher, 1975). 
Seismic Data 
Epicenter. For modeling purposes, we chose the epicenter given by Bolt (1968) 
that was based on local timing observations, topping of astronomical clocks, a 
local strong motion recording at Mr. Hamilton, and teleseismic P and S-P 
travel times. The location is near that of the 1957 Daly City earthquake 
(M = 5.7) epicenter and is shown as an asterisk in Figure 1. Our subsequent 
modeling of the body waves supports this location. 
Strong Motions. The only strong motion data written during the 1906 earth- 
quake was on a Ewing three-component seismograph at Lick Observatory on 
Mr. Hamilton, an epicentral distance of about 85 km. Although the traces went 
off scale after only 10 sec, Boore (1977) was able to model features of the 
recording and determine that the polarities and timing were consistent with the 
epicenter determined by Bolt (1968). Boore (1977) also concluded that the most 
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massive faulting responsible for the strong motions at Mt. Hamilton came from 
at least 75 km away and were dominated by surface waves. In addition to the 
Mt. Hamilton strong motion recording, several Ewing duplex pendulum record- 
ings were preserved. The records at Mt. Hamilton and Berkeley were useful Lto 
Boore (1977) in corroborating waveform polarities at the Mt. Hamilton station. 
Loca l  Magn i tude .  The duplex pendulum records mentioned above, in addition 
to several others (Alameda, San Jose, Oakland, and Carson City, Nev.) and a 
simple pendulum at Yountville were used by Jennings and Kanamori (1979) to 
estimate the local magnitude by extrapolating the seismoscope-style recordings 
to the maximum response of the standard Wood-Anderson instrument. The 
Wood-Anderson response is most appropriate for quantifying the nature of 
strong ground motions, because its period and damping are such that it is 
sensitive to motions in the frequency range of most interest to earthquake 
engineering. Considering the uncertainties involved, Jennings and Kanamori 
assigned a M L range of 6¼ to 7¼, although analysis of the Carson City 
recording, deemed to be most reliable, gave a ML = 7.2. It is fortunate to have 
an M L estimate for 1906 to compare with other large strike-slip earthquakes 
since the local magnitude determination is made at distances relatively near the 
source, and hence, the time history input to the instrument is more representa- 
tive of the duration and frequency content of near-source ground motions than 
other magnitude scales. 
Sur face  Wave Magn i tude .  An  important issue that arose during this study 
involved the value of the surface wave magnitude (M s ) for the 1906 earthquake. 
The M s value of 8¼ (or 8.3) often quoted for 1906 is an overestimate, as stated 
by Abe and Noguchi (1983), and can be explained by two factors. First, there is 
an azimuthal bias toward larger Ms values from California to stations in 
Europe and second, the bias is exacerbated by the use of undamped instruments 
during that time period. The azimuthal bias can be demonstrated with M s 
determinations for the 1979 Imperial Valley and 1989 Loma Prieta earthquakes 
(Fig. 3). The M s values are plotted as a function of station azimuth as given in 
the monthly Preliminary Determination of Epicenters (PDEs) for the Loma 
Prieta and Imperial Valley events, and directly from Richter's notebook for the 
1906 values. 
Note that within the narrow range of azimuths from which the 1906 M s 
determination was made (20 ° to 90°), the other events have very large M s 
values and would provide a biased estimate of the average M s value. Using 
only magnitude values within this azimuthal range yields an M s = 7.4 for the 
1989 Loma Prieta earthquake, whereas the computed value should be 7.0. As a 
side note, for the individual station M s values published in the PDEs and 
shown in Figure 3, the average Loma Prieta M s is 7.0, not 7.1 as commonly 
accepted. Similarly, the 1979 Imperial Valley M s Value of 6.9 was determined 
largely from European stations, yielding a biased value. For azimuths limited 
from 20 ° to 90 ° , M s would be 7.1. Also note that for these two events, the 
moment magnitudes M w computed from the seismic moments determined from 
waveform modeling are significantly smaller than M s. For the Loma Prieta 
earthquake, M w = 6.9 (Wald et al., 1991) and M W = 6.4 for the Imperial Valley 
event (Hartzell and Heaton, 1983). Because for most events in this magnitude 
range M s is approximately the same as Mw, the above disparity between M s 
and M W for these two events suggests that the M s values for these two events 
are overestimated. 
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We found this azimuthal trend holds true for all other moderate to large 
California earthquakes (with the exception of the 1980 M s = 8.0 Eureka event) 
and is thus likely to be independent offocal mechanism. Loma Prieta has a good 
distribution of stations and only a slight azimuthal bias, and therefore, only a 
0.1 unit difference between M s and M w. Imperial Valley has a considerable 
azimuthal bias and consequently shows a 0.5 unit difference between M s and 
/1/W . 
Finally, the 1906 M s determination has both a severe azimuthal bias and in 
addition is further biased by the use of undamped instruments as suggested by 
the work of Abe and Noguchi (1983). They recognized that M s determinations 
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during the period from 1904 to 1906 were 0.5 magnitude units too large. They 
attributed this bias to the combined use of damped and undamped seismo- 
graphs (undamped were slowly phased out). Abe and Noguchi (1983) used 
(undamped) Milne instrument recordings with a correction for damping and 
obtained M S = 7.8 for the San Francisco earthquake. At the time, Milne 
instruments had a better worldwide (hence azimuthal) coverage than damped 
instruments for 1906. Most M S magnitudes based on damped instruments 
relied heavily on European stations that clearly show a path bias for events 
from California (Gutenberg, 1955). 
An M 8 value of 7¼ is consistent with the M W = 7.7 estimate of Thatcher 
(1975) based on amplitudes of 50 to 100-sec period surface waves at (stations 
ZIE, UPP, and GOT). It is also in agreement with the geodetic data that gave an 
M W = 7.7 (Thatcher and Lisowski, 1987a) from their estimated moment of 
5 x 1027 dyne-cm. Ben-Menahem (1978) found the seismic potency to be 25,000 
m/km 2, based on from modeling 50 to 100 sec surface waves. Using the same 
average rigidity, ~ = 3.0 x 1011 dyne/cm 2, as Thatcher (1975) this implies a 
seismic moment of 7.5 x 1027 dyne-cm (M W = 7.9). 
The implication of the lower M s = 7~ is very important, in that the moment 
magnitude quivalent of M s = 7¼ requires an average slip based on the esti- 
mated rupture area on the order of several meters, compatible with surface and 
geodetic observations. A moment magnitude of 81 requires an average of about 
15 m over the entire rupture length, even assuming rupture along the maxi- 
mum estimated length (450 km) and a conservatively arge average width of 15 
km. This is much larger than the geodetic and surface offset observations allow. 
DATA 
1906 Historical Data 
The 1906 earthquake was recorded at 96 stations around the world. The data 
from these stations were preserved in the Report and nearly all at the original 
recording size. Absolute time was preserved atmost stations and time correc- 
tions were provided along with instrument damping, magnification, and free 
period constants. An example of the quality of the original analogue data 
contained inthe Atlas is shown in Figure 4 for the station GSttingen, Germany 
as recorded on a Wiechert inverted pendulum instrument. 
The waveforms were scanned and digitized, and care was taken to remove the 
instrument pen arc and to preserve absolute iming. In addition to the 1906 San 
Francisco data, analogue r cordings ofmore recent events were digitized from 
long-period World-Wide Standardized Seismic Network (WWSSN) stations to be 
used for calibration and empirical Green's functions. Those data will be dis- 
cussed in a later section. 
I ns t rument  Responses 
Useful data were obtained for 12 stations, the locations of which are given in 
Table 1 and shown in Figure 5. The most useful records were written by 
Wiechert and Bosch-Omori nstruments. The Wiechert instrument response 
can be accurately reproduced; the free period is about 5 to 15 sec and the 
magnification is on the order of 150 times. The Bosch-Omori instruments have 
free periods ranging from 20 to 30 sec and magnifications near 20 times. The 
pendulum period, To, and damping constant, h, for each component are given in 
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Table 2. The damping constant, h, is related to the damping ratio, e, given in 
the Report by the expression (e.g. Richter, 1958, p. 219) 
7rh 
e = exp r -  
V l  h 2 
All values were contained in the Report, with the exception of the several 
damping constants given in Table 2 as .20. These values are estimated to be 
near .20 and reasonable deviations from this value modify the waveforms only 
slightly; the conclusions obtained in this study do not rely on the few stations 
with unknown damping constants. For the purpose of this study, we removed 
the mechanical instrument response and convolved in the WWSSN long-period 
response (with a gain of 1500) to facilitate comparisons with the recent calibra- 
tion events. Therefore the waveforms shown, unless otherwise stated, are as if 
recorded on a WWSSN long-period instrument and amplitudes are given in 
TABLE 1 
STATION ABBREVIATIONS AND PARAMETERS FOR 1906. DISTANCES ARE WITH RESPECT TO THE EPICENTER 
DETERMINED BY BOLT (1968) AT 37.667 NORTH LATITUDE AND 122.480 WEST LONGITUDE. 
Distance Back 
Station Location Latitude Longitude (Deg.) Azimuth Azimuth 
ALB Albany,  New York 42.65 - 73.75 37.2 66.6 270.1 
CHL  Che l tenham,  MD 38.733 - 76.842 35.6 73.9 282.9 
GOT Gdttingen, Germany 51.55 9.967 81.9 27.7 323.7 
KOB Kobe, Japan 34.683 136.167 77.5 304.2 52.8 
MUN Munich, Germany 48.150 11.608 85.3 28.9 324.1 
OSK Osaka,  Japan  34.70 135.517 78.0 304.5 52.5 
POT Potsdam, Germany 52.883 13.067 81.9 25.4 325.9 
PTR Puerto  Rico, W.I. 18.133 - 65.433 53.2 95.0 303.8 
TAC Tacubaya, Mexico 19.40 -99 .20  27.3 125.5 316.8 
TOK Tokyo, Japan  35.708 139.767 74.6 303.2 54.7 
UPP  Uppsala, Sweden 59.858 17.626 77.4 19.4 328.6 
ZIK Zi-ka-wei, Ch ina  31.20 121.433 89.7 309.7 45.5 
TABLE 2 
INSTRUMENT CONSTANTS FOR 1906 RECORDINGS 
Instrument Period (To) Damping (h) Magnification Station 
Type NS--EW NS--EW NS--EW 
ALB Bosch-Omori  30,30 .20, .20 10,10 
CHL  Bosch-Omori  20,25 .20,.20 10,10 
GOT Wiechert  14,13 .39,36 172,152 
KOB Omori  35, - .20, - 10, - 
MUN Wiechert  12,12 .50,.50 200,200 
OSK Omori  - ,27 - ,.20 - ,20 
POT Wiechert  14,14 .46, .46 130,130 
PTR Bosch-Omori  21,21 .15,.15 10,10 
TAC Bosch-Omori  17,17 .20,.20 15,15 
TOK Omori  - ,42 - ,.20 - ,30 
UPP  Wiechert  6.8,5.3 .33,33 270,230 
ZIK Omori  - ,33 - ,.25 - - ,15  
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millimeters. A comparison of the mechanical instrument responses used here 
with that of the WWSSN long-period instrument is shown in Helmberger et al., 
1992. 
Remarkably, the same instrument that recorded the 1906 earthquake at 
G6ttingen, Germany recorded the 1989 Loma Prieta earthquake (M W = 6.9). 
Although the instrument constants were given for 1906 in the Report  and were 
available for 1989, they were nearly the same as in 1906, with a slight change in 
the To, the natural period of the pendulum. Comparison of the two earthquake 
recordings is shown in Figure 6. The travel times are shown for body wave 
phases using Jeffreys-Bullen (1958) travel times and assuming the epicentral 
parameters for the 1906 earthquake of Bolt (1968). Note the changes in the 
vertical scale and the difference in the noise levels between the two events; only 
the larger arrivals are successfully retrieved by digitizing the analogue records 
for the Loma Prieta event. The S waves are distinctly different. The Loma 
Prieta S waveform is short in duration and is indicative of an oblique mecha- 
nism whereas the San Francisco S wave has a much longer duration and an 
amplitude on average nearly 5 times larger. Observing the Loma Prieta S wave 
on this instrument well above the noise level indicates that we should expect o 
see many subevents for 1906 on such an instrument if the San Francisco 
earthquake was comprised of many Loma Prieta style subevents. 
Figure 7 shows the north and east components for station GOT after instru- 
ment normalization and convolution with the WWSSN long-period response. 
Again, expected body wave phase arrival times are given. The start time labels 
i I I 1 II T 
1.0 
0.5 
0,0 
-0.5 
1 - 
._ 
6 
0 2 4 6 8 10 
X t0+2 
TIME - ~econds x 100 
FIG. 6. Comparison fthe 1989 Loma Prieta and 1906 San Francisco digitized recordings from 
the Wiechert seismograph at GOT. 
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FIG. 7. Digitized 1906 recording at Gdttingen, Germany (GOT) after instrument normalization 
and convolution with the WWSSN long-period response. 
refer to seconds after the origin time. There is a close correspondence of
observed and predicted arrival times. Figure 8 shows the data from station UPP 
with a similar format. Both stations show a complicated S wavetrain indicative 
of complex faulting. 
Figure 9 displays the radial component of motion recorded at San Jose, 
Puerto Rico for both the 1906 San Francisco (top) and 1984 Morgan Hill 
(bottom) earthquakes. Note that the dominant S wave arrival is very similar in 
character, even in the overall frequency content. However, the main 1906 S 
phase is delayed relative to the Morgan Hill S wave even though the P wave is 
nearly aligned. This is explained in a later section and is due to source 
finiteness and complexity for the 1906 earthquake. The amplitude ratio of the 
1906 S wave compared with that of the Morgan Hill earthquake is nearly a 
factor of 35. 
The complete set of S teleseismic body waves deemed usable for this study 
are shown in Figure 10. The vertical arrows indicate the predicted S arrival 
times. The locations of these stations on SH and SV focal spheres for a vertical 
strike-slip fault striking with the azimuth along the central portion of the 1906 
rupture zone (145 ° ) are shown in Figure 11. It is quite apparent hat there are 
limitations with the 1906 data set. The body wave information is predominantly 
direct S waves and multiples (SS and SSS). There is only a single vertical 
component Wiechert instrument (at G6ttingen). It has a good P wave that can 
be compared with those from other large strike-slip events, but that is the only 
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FIG. 8. Digitized 1906 recording at Uppsala, Sweden (UPP) after instrument normalization a d 
convolution with the WWSSN long-period response. 
teleseismic vertical recording. Hence, we are basically limited to shear body 
waves. To compound this, the European stations, for which we have highest 
quality Wiechert recordings, are nearly SH nodal (Fig. 11). Unfortunately the 
SV waves are noticeably contaminated by shear-coupled PL waves (SPL) that 
can often obscure the direct S waveforms on teleseismic seismograms (Baag 
and Langston, 1985). In order to model these waveforms for the purpose of 
source determination, it is necessary to address the effects of SPL contamina- 
tion. 
Modern Events for Calibration and Green's Functions 
Because the availability and quality of data for the 1906 earthquake is poor 
relative to modern standards, a detailed study of modern events is critical for 
analyzing and placing constraints on the nature of San Francisco data. The 
events chosen were the Loma Prieta (1989), Morgan Hill (1984), and Coyote 
Lake (1979) earthquakes. The criteria for selection were that the events must be 
nearly colocated (as far as teleseismic distances are concerned), have similar 
focal mechanisms, and have been recorded at modern stations with comparable 
locations to the historical stations of 1906. The modern station locations are 
shown in Figure 5 with shaded triangles; the historical stations are indicated by 
filled triangles. The European and Asian stations used in this study are shown 
with an enlarged scale at the right of Figure 5. For stations UPP and GOT the 
modern and historical stations occupy the same site. In Puerto Rico, stations 
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waveforms at Puerto Rico. 
PTR (historical) and S JG (WWSSN) are very closely s i tuated (Tables 2 and 3). 
The locations and focal mechanisms of the cal ibration events are depicted in 
F igure 1 and the stat ion parameters  are given in Table 3. All three cal ibration 
events have been well modeled in earl ier source studies, so good est imates of 
source mechanism, seismic moment,  t ime duration, and slip distr ibution are 
available in the l i terature (e.g., Beroza and Spudich, 1988; Ekstr6in, 1984; 
Hartzel l  and Heaton,  1986; Liu and Helmberger,  1983; Wald et al., 1991). By 
analyzing these smal ler events at stations close to the ones that  recorded 1906, 
we can est imate the amount  and effect of SPL contamination. Unfortunately,  
there is not always an identical stat ion location for modern and older instru- 
ments,  and SPL is often quite site specific. This makes it difficult in some cases 
to quant i fy  the SPL contamination.  Ideally, we would like to be able to examine 
the smaller, cal ibration events with simple, known source t ime histories in 
order to determine the amount  of SPL contaminat ion and then empirical ly 
include this site response. However,  the cal ibration stations available must  be 
close enough to the stat ion of interest  or the site effects may not be representa-  
tive enough. Unfortunately,  there are no usable long-period recordings of the 
cal ibration events in the vicinity of the 1906 TAC recording in Mexico City, and 
the ampl i tude of that  recording is suspect. It is therefore difficult to make use of 
the TAC recording even though it is at a very desirable az imuth along str ike of 
the San Andreas Faul t  toward the southeast.  
An examinat ion of the Morgan Hill and Coyote Lake shear  arr ivals demon- 
strates the importance of receiver complications and SPL waves. The source 
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FIG. 10. Available set of teleseismic S waves. The arrows 
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indicate the predicted arrival time of 
mechanisms are very similar, although the Coyote Lake geometry shows a 
slight nonvertical dip (see Fig. 1). Hence, we expect he waveforms to be quite 
compatible. Figure 12 shows the recorded and synthetic SH and SV waveforms 
at Uppsala, Sweden for both events displaying similarity of the waveforms. 
Observe that the amplitudes for these recordings are very small (less than 1 
mm on the original paper records), yet the scanning/digitizing system we 
employ can recover the details remarkably well. The waveform similarity 
suggests that these magnitude 6 events can be effectively used as Green's 
functions for a much larger event. They differ only in amplitude, the ratio 
reflecting the moment ratio of Morgan Hill with respect o Coyote Lake (be- 
tween 3.5 and 4.5). 
Synthetic waveforms were produced for the Morgan Hill earthquake using the 
finite fault slip distribution of Hartzell and Heaton (1986); for the Coyote Lake 
simulations the source model of Liu and Helmberger (1983) was employed. As 
SOURCE STUDY OF THE 1906 EARTHQUAKE 999 
W 
SV SH 
N N 
E W 
5 S 
FIG. 11. SH and SV nodal planes for vertical strike-slip on the central portion of the San 
Andreas Fault. Stations are plotted as a function of azimuth and take-off angle. 
TABLE 3 
STATION ABBREVIATIONS AND PARAMETERS FOR MORGAN HILL. DISTANCES ARE WITH RESPECT TO THE 
EPICENTER DETERMINED AT LATITUDE 37.317 NORTH AND LONGITUDE 121.682 WEST. 
Distance Back 
Station Location Latitude Longitude (Deg.) Azimuth Azimuth 
UPP Uppsala, Sweden 59.858 17.627 77.5 19.7 327.8 
MAJO Matsushiro, Japan 36.542 138.209 75.8 305.1 54.1 
RSNY Adirondack, NY 44.548 - 74.530 35.9 63.3 275.1 
GRFO Graefenberg, Germany 49.69 11.22 83.9 28.6 324.0 
BLA Blackburg, VA 37.21 - 80.42 32.7 77.4 283.0 
OGD Ogdensburg, NJ 41.07 - 74.62 36.3 69.2 279.8 
SHK Shiraki, Japan 34.530 132.678 80.6 306.3 51.1 
SJG San Juan, P.R. 18.112 -66.150 52.0 95.7 303.5 
STU Stuttgart, Germany 48.771 9.193 83.8 30.2 322.7 
can be seen in the synthetic waveforms in Figure 12, the source contribution to 
the waveform complexity is negligible when viewed through the long-period 
WWSSN response (peaked at 15 sec period) because the entire duration of 
either event is less than 7 sec. The synthetic waveforms predict only the simple 
first S-wave arrival, although the observations indicate the arrival of ScS, 
approximately 26 sec after the direct S-wave arrival, as indicated with arrows. 
Theoretically, ScS should be less than half the size of S. It should have the 
same sign as direct SH and opposite to that of direct SV assuming a strike-slip 
orientation. These features are not obvious in these observed waveforms nor at 
other European stations. Thus, this complexity in the S waves is not easily 
modeled. The large, later arrivals on the SV component is composed of SPL 
energy. In order to investigate the later part of the shear wave train for the 
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FIG. 12. WWSSN long-period recordings for calibration events Morgan Hill (MH) and Coyote 
Lake (CL) showing SPL contamination. Observed recordings are above the synthetics seismograms. 
Arrows indicate arrival times of direct S and ScS. 
1906 records, it is critical that we include these later contributions. Otherwise, 
we may not be able to attribute later arrivals in the S wavetrain to complexities 
of the source rupture process. Fortunately, these arrivals can be effectively 
included with the use of these recordings as empirical Green's functions. 
SURFACE WAVE ANALYSIS 
Spectral ratios were computed as a function of frequency by dividing the 
Fourier transformed waveforms from 1906 stations by the transform of the data 
from the corresponding Morgan Hill station. The advantage of computing spec- 
tral ratios in this manner ather than theoretically correcting for radiation 
pattern is that the site effects are best accounted for empirically. Only stations 
ALB, PTR, and UPP had both digitizable 1906 surface waves and data recorded 
at the corresponding modern stations. The average spectral ratio at 50 sec was 
approximately 120. Assuming the 1984 Morgan Hill earthquake had a moment 
of approximately 2.5 x 1025 dyne-cm, this requires a moment of 3.0 x 1027 
dyne-cm for the 1906 earthquake. At a period of 100 sec, the ratio was nearly 
180, yielding a moment of 4.5 X 1027 dyne-cm (M W -- 7.7). These values are 
quite similar to the estimates of 3.2 x 1027 dyne-cm at 50 sec and 4.7 x 1027 
dyne-cm at 100 sec determined by Thatcher (1975) from Love and Rayleigh 
wave spectral amplitudes, although a different set of stations (UPP, GOT, and 
ZIK) were used in that study. 
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BODY WAVE ANALYSIS 
Examination of the 1906 shear wave data (Fig. 10) indicates that there is a 
small, initial S-wave arrival at the time of the predicted S-wave arrival (shown 
with the vertical arrows) followed by a dominant, larger phase about 30 to 40 
sec later. There is a clear time difference of these two arrivals as a function of 
azimuth ranging from 36 sec at KOB and 39 sec at GOT to nearly 45 sec at PTR. 
As will be further discussed, this is consistent with two sources eparated along 
the strike of the San Andreas Fault. 
Amplitude Comparisons with Calibration Events 
First order results were obtained by simply making comparisons of teleseis- 
mic waveform complexity and amplitudes of the 1906 recordings with the 
Coyote Lake, Morgan Hill, and Loma Prieta S waves. The durations of the 1906 
teleseismic S waves are relatively short and the complexity of the waveforms is 
not great (Fig. 10), considering the rupture length was at least 300 km. On 
average, the largest 1906 S waves are about 3 to 5 times larger than the largest 
Loma Prieta S waves as recorded at the same stations (GOT and UPP). 
Neglecting the differences in source radiation pattern, this requires an excita- 
tion of 5 to 15 sec energy several times that of Loma Prieta along some limited 
portion of the 1906 rupture. Comparing the 1906 and Morgan Hill S waves 
gives an average amplitude ratio of about 40; the ratio for Coyote Lake is 
approximately 135. With the seismic moments determined for the calibration 
events we can estimate the size of the dominant asperity of the 1906 earthquake 
by assuming the asperity rupture duration is comparable to that total duration 
of the calibration events. This assumption proves valid and is discussed in the 
next section. These estimated seismic moment values are summarized in Table 
4. This, of course, is not the total moment for 1906, just an estimate of the 
portion of the fault responsible for producing 5 to 20 sec body waves. 
Forward Modeling 
A straight forward approach to modeling the 1906 recordings is to use the 
Morgan Hill S-wave recordings as Green's functions and to lag and sum them to 
produce 1906 simulations. A previous example of the use of empirical summa- 
tion for teleseismic waveform modeling is given by Bent et al. (1989) for the 
1987 Superstition Hills, California earthquake. Here we are fortunate to have a 
subevent (Morgan Hill) with the appropriate source mechanism and a known 
seismic moment. The radiation pattern is nearly that of the 1906 rupture along 
the central portion of the San Andreas Fault (Fig. 1). The Coyote Lake earth- 
quake is not used for an empirical simulation because its mechanism is slightly 
TABLE 4 
ESTIMATES OF THE MAIN 1906 ASPERITY FROM COMPARISON WITH CALIBRATION EVENT AMPLITUDES. 
SEE TEXT FOR DETAILS. 
Calibration Seismic Moment Scaling Factor 1906 Asperity Moment 
Earthquake (X 1025 dyae-cm) (N) ( X 1027 dyne-cm) 
Loma Pr ieta  30 3 0.9 
Morgan Hill 2.5 40 1.0 
Coyote Lake 0.5 135 0.8 
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different from the 1906, and perhaps more important, its seismic moment was 
about 3 to 4 times smaller than that of the Morgan Hill event, and thus has 
fewer well-recorded signals at teleseismic distances. Loma Prieta was very well 
recorded teleseismically, but the faulting geometry is significantly different 
from vertical strike-slip (Fig. 1) and therefore cannot be used without a correc- 
tion for the radiation pattern and the associated (and unknown) effect on the 
SPL  signals. Although appropriate for the central part of the 1906 rupture zone, 
the Morgan Hill mechanism is slightly discrepant in strike for subevents along 
the northwest and southeast sections. It is also possible that a substantial 
portion of oblique thrusting occurred in the Loma Prieta segment of the fault, in 
which case the Morgan Hill Green's functions are not appropriate. 
In a forward modeling sense, we determine the best locations and amplitudes 
for subevents along the trend of the San Andreas Fault in order to fit the 
recorded 1906 teleseismic waveforms and amplitudes. We use approximately 
200 sec of the Morgan Hill S-wave records as empirical Green's functions. By 
assuming a constant rupture velocity V r of 2.7 km/sec,  we compute the delay at 
each station, ht i ,  for a number of subevent positions along strike within the 
onshore rupture zone. For a distance D along strike from the epicenter 
D 
At  i = - -  - -  D cos(~b o - ~b)P, 
Vr 
where V r is the assumed rupture velocity, ~b o is the station azimuth, ~b is the 
fault strike, and P is the ray parameter. We then determined the best multi- 
plicative amplitude scaling factor, N, to weight each subfault Green's function 
by in order to obtain the observed 1906 amplitudes. 
Using the relationship equating seismic moment to fault slip, M 0 = tLA~, 
where ~ is the rigidity, A is the area, and ~ is the average dislocation, we can 
estimate the average slip and the area over which it occurred for the Morgan 
Hill earthquake. Based on the strong motion inversion models of Hartzell and 
Heaton (1986) and Beroza and Spudich (1988), we assume a rupture approxi- 
mately 12 km in length and 10 km deep having a seismic moment of 2.5 × 1025 
dyne-cm. Using t~ = 3.2 × 1011 dyne/cm 2, based on their crustal models, we 
find the average slip to be about 65 cm. This allows us to relate the scale factor, 
N, for the number of Morgan Hill Green's functions to the approximate slip on 
the fault we allow it to represent. 
Initially, we computed the teleseismic body wave signal based on the geodetic 
slip model of Thatcher (1975). Using the above conversion from a single Morgan 
Hill Green's function to slip, we summed the appropriate number of Green's 
functions to approximate the geodetic slip model. The geodetic model of Thatcher 
(1975) is shown as a function of position along strike with filled triangles in the 
bottom portion of Figure 13. The observed surface offset, also from Thatcher 
(1975), is also shown with filled squares. Note that the distance corresponds to 
kilometers from the epicenter south of San Francisco and increases along strike 
to the northwest. Atop Figure 13 is a schematic diagram of the fault slip model 
used to approximate the geodetic slip. The subfault weights correspond to the 
multiplicative weighting factor N. There are 28 subfaults, numbered from 
northwest o southeast beginning at Point Arena. The hypocenter, indicated 
with a star, is located in subfault 22. The area of each subfault corresponds to 
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FIG. 13. Schematic  of the geodetic fault mode l  (top) showing subfault layout. The  numbered  
subfaults were allowed to contribute to the teleseismic signal. Shad ing  is proportional to fault slip 
through the weighting factor N as shown by the scale bar (see text). The  distance given is along 
strike from the hypocenter (star in subfault No. 22). 
the effective rupture area of the Morgan Hill subevent. Note that we did not 
include a model for the offshore region (205 to 340 km) in our simulations. As 
described above, there is little evidence in the latter part of the teleseismic 
records of substantial 5 to 20 energy release from this portion of the fault. 
Figure 14 shows the observed 1906 S waves modeled with the corresponding 
S waves computed with the Morgan Hill empirical Green's function scaled to 
the geodetic slip. For each component, the top trace is the observation, the 
middle trace is the synthetic, and the third trace shows an overlay of the two for 
comparison, the synthetic being distinguished with a dashed line. The overall 
amplitudes of the synthetics for the geodetic model are about 50% of the 
observed amplitudes, suggesting the need for more intense slip variations. In 
general there is marginal agreement with the data for some features of the 
waveforms, although the timing of the largest arrival is poor and does not fit the 
data. Furthermore, the synthetic traces often are longer period than the data. 
Next, in a forward modeling sense, we determined the best simple, rupture 
model in order to satisfy the observation of the relatively small, initial phase at 
the S-wave arrival time and the larger arrival 35 to 45 sec later, seen in Figure 
10. The best model found by trial-and-error came from a relatively simple 
summation consisting of two regions of strong radiation separated in time by an 
average of about 38 sec. The relative weighting factor N was determined to be 
about 14 for the hypocentral subfault and 30 for subfault 10. This corresponds 
to about 110 km of separation between the two major regions of strong radiation 
at these periods (about 5 to 20 sec), placing the largest between Point Reyes and 
Fort Ross. 
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In short, we see that the teleseismics can be explained by about 14 Morgan 
Hill events summed near the epicenter, a region where the amount of slip 
changes quite abruptly according to surface offset, and about 30 Morgan Hill 
events concentrated at about 110 km from the epicenter, where the geodetic and 
surface slip is near its greatest (Fig. 15). The synthetics from the empirical 
summation are shown in Fig. 16. A good portion of the shear wave train is fit at 
most stations. 
Source Inversion 
Solving for the location and scale factor of the subevents to best satisfy the 
timing and amplitude of the observed waveforms can be set up as a least 
squares inversion. Again, we assume a fixed rupture velocity of 2.7 km/sec,  and 
solve for the over-determined system of linear equations, Ax ~ b, using linear 
least squares to determine x, the solution vector of subfault weights. Here, the 
matrix A consists of synthetics (empirical Green's functions) of equally weighted 
subfault responses trung end to end, each lagged according to its rupture and 
travel time delay and b is the data vector. 
The result of the inversion, shown in Figure 17, is nearly that of the forward 
estimation also showing two main regions of radiation, although several more 
subfaults contribute to the solution. On the bottom of Figure 17 we show the 
corresponding slip values determined from the inversion (open circles), along 
with an estimate of the uncertainty in these values (error bars). The uncertainty 
in the subfault slip was estimated from the covariance of the model parameters 
because of a variance in the data (for details, see Hartzell and Iida, 1990; Olson 
and Apsel, 1982); it does not address errors due to assumptions in the fault 
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FIG. 17. Schematic of the inverse model results. In the lower part of the figure, inversion slip 
values (circles) with corresponding uncertainty estimates (error bars) are shown. The geodetic slip is 
shown with filled triangles connected with a line, and the surface offset is given with filled squares 
(Thatcher, 1975). 
rupture model parameterization. The waveform fits are given in Figure 18. In a 
formal sense, the solution from the inversion has a slightly lower misfit to the 
data, but there are features in waveforms produced by the forward modeling 
which are more favorable. 
As shown in the forward and inverse models, the arrival in the data corre- 
sponding to the largest subsource can be fit well with a very limited dimension 
along strike. In order to place constraints on the dimensions of the region of 
large source radiation near subfault 10, we performed a summation of empirical 
Green's functions lagged in space over various linear dimensions. We found that 
as the along-strike length increases above about 40 km, the match of the details 
of the waveforms at the best modeled stations is degraded (Fig. 19). With an 
extended source dimension of 55 km, the higher frequency content of the data at 
station GOT, the most reliable station, is difficult to simulate. 
STRONG MOTION ESTIMATIONS 
In a recent study, Wald et al. (1992) found that the source model of the 1989 
Loma Prieta earthquake determined from inversion of teleseismic data alone 
was sufficient for predicting many of the features of observed strong motions. 
They determined that even with a limited overlap in the bandwidths of the two 
data sets, the general asperity characteristics determined at longer periods 
were consistent with the slip distribution needed to simulate the higher- 
frequency ground motions. 
In the previous section, we found that the amplitudes and frequency content 
of the teleseismic data for 1906 allowed us to roughly constrainthe scale length 
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with source spread out over 35 km (top) and 55 km (bottom). 
of the largest asperity to be less than 40 km. Slightly larger dimensions are not 
ruled out, but for the purpose of this estimate of strong motions for the 1906 
earthquake, we use a compact asperity size to produce relatively conservative 
strong motions predictions. Having a rough constraint on the largest asperity 
(size and magnitude) we produced synthetic ground velocities as follows. For 
purposes of comparison with the recent, abundant Loma Prieta strong motion 
data set, we "moved" the largest 1906 asperity into the Loma Prieta region. In 
this way, we could compare our simulations with observations from a M W = 6.9 
at the same distances and station geometries. We then took the Loma Prieta 
slip model of Wald et al. (1991) and by rotating the model fault to a vertical 
plane and constraining the dislocation to be pure right-lateral strike-slip, we 
approximated rupture along the San Andreas Fault. The Loma Prieta rupture 
was bilateral, but we use a northwest propagating unilateral rupture to simu- 
late the 1906 model determined from the teleseismic data. 
To be consistent with the average depth of significant slip from other strong 
motion waveform inversions of California vertical strike-slip earthquakes 
(Hartzell and Heaton, 1983; Hartzell and Heaton, 1986; Beroza and Spudich, 
1988; Wald et al., 1990) we needed to decrease the asperity depth relative to the 
Loma Prieta model. This was done by bringing the top of the fault to within 0.5 
km of the surface and translating the slip (shown in Figure 20, top) 5 km closer 
to the top of the fault than the Loma Prieta slip model. 
To simulate the 1906 asperity, we spatially shifted and summed three Loma 
Prieta slip distributions (Fig. 20, bottom) to preserve the amplitude of slip 
determined from the forward empirical summation model keeping the dimen- 
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sion in line with the 35-km length used to best model the 1906 body waves. 
Ground motion velocity estimates were made with the finite fault ground 
motion techniques used in Wald et al. (1991), with synthetic Green's functions 
appropriate for the Loma Prieta region. The frequency bandwidth of the simula- 
tions is from 0.0 to 1.0 Hz. 
Although many well-studied earthquakes require very short slip durations 
(Heaton, 1990), there have been no studies of strike-slip earthquakes of this 
magnitude with the strong motion recordings necessary to constrain the local 
slip duration. Heaton (1990) points out that the duration of slip for the 1985 
Michoacan earthquake (M 8 = 8.5) was on the order of 5 sec as indicated from 
near-field displacements obtained from twice integrated accelerograms. How- 
ever, the tectonic environment was that of subduction thrusting, and the fault 
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aspect ratio was quite different from that of the 1906 earthquake. Consider that 
for a rupture length of 430 km and a fault width of 10 to 15 km, the aspect ratio 
for the 1906 rupture was between about 30 and 45 to 1, nearly a line source. For 
earthquakes in the tectonic regime more similar to the northern San Andreas 
Fault, the slip durations are observed to be very short. For example, recent 
eyewitness observations of ground rupture during the 1990 Philippines earth- 
quake (M s = 7.8) suggest that the slip duration was less than about 1 sec 
(T. Nakata, personal communication, 1991), yet the displacement was 3 to 4 m. 
Furthermore, Wald et al. (1991) found that the majority of slip during the Loma 
Prieta earthquake occurred in less than 1 sec over most of the fault plane and 
less than 2 sec everywhere lse. From these observations, we assumed a 4-sec 
rise time for the 1906 slip. However, the derivative of the actual slip function is 
not a simple triangle, but rather, a time expanded version of the Loma Prieta 
slip model determined by Wald et al. (1991). The Loma Prieta slip function has 
three time windows, each 0.7-sec triangles overlapping by 0.1 sec. On average, 
the first window contributes half the slip, and the second and third each contain 
25% of the slip, but these values change slightly as a function of position on the 
fault. For the 1906 ground motion simulations, we carry through the spatial rise 
time variations determined for the Loma Prieta earthquake from the strong- 
motion data, but use three time windows each 1.4 sec long for a total duration of 
4.2 sec. We also tested the dependence on rise time by computing synthetic 
ground motions for longer and shorter total rise times. 
Initially, we computed ground motions for the top model on Figure 20 to 
compare with the simulated ground motions (Wald et al., 1992) of the Loma 
Prieta earthquake. This simply allows us to compare the ground motions for a 
deep, oblique-slip event with that of vertical strike-slip. The comparison of peak 
ground velocities plotted as a function of distance is shown in Figure 21z. The 
distance, r0, is defined as in Joyner and Boore (1988) as the shortest distance 
(kilometers) from the recording site to the vertical projection of the fault rupture 
on the surface of the earth. Solid circles denote the Loma Prieta simulations and 
the shaded circles represent the vertical strike-slip modified model results. The 
overall amplitudes are slightly higher for the vertical strike-slip case. Consider- 
ing the source rupture model is identical in all other aspects, differences in the 
resulting ground motions can be attributed to the combined effects of change in 
rake and source depth. 
In general, vertical strike-slip model predicts slightly larger velocities, espe- 
cially on tangential components at near-fault stations. The vertical components 
are slightly smaller because of the radiation pattern. Also plotted as a dashed 
line is the attenuation relationship of Joyner and Boore (1988) for peak ground 
velocity: 
logy=a+b(M-6)+c(M-6)  2+dlogr+kr+s 
5.0 <M=< 7.7 
where constants a = 2.17, b = 0.49, c = 0.0, d = -1.0,  k = -0.0026, s = 0.17 
and 
r = Cro 2 + h 2 . 
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Results of the simulation of the 1906 main asperity compared with the 
simulation of the vertical strike-slip version of Loma Prieta are shown in Figure 
22. The synthetic velocity and displacement waveforms are displayed in Figure 
23 for a station adjacent to the fault trace. The peak ground velocity amplitudes 
are substantially greater than those recorded uring the Loma Prieta earth- 
quake, and are comparable to those predicted by Joyner and Boore (1988) for a 
M W = 7.7 earthquake. Again, the tangential components are dominant due to 
the along strike SH pulse from a vertical strike-slip rupture. Because the 
station distribution is fairly random, several stations are off the southeast end 
of the rupture and show fairly small ground motions. This is attributed to the 
lack of directivity at southeastern stations, and the fact that we do not add in 
the contributions from adjacent portions of the fault. Recall, we model only a 
small (40 km) portion of the entire 1906 rupture and not the entire rupture 
length, so our durations are much shorter than would be expected. Here, we are 
more interested in the largest possible motions because of a magnitude 7¼ 
earthquake, rather than the average ground motions. Considering the large 
amount of slip known to have occurred on adjacent segments, these contribu- 
tions may be important, but would not significantly alter the estimation of the 
greatest contribution to the ground motions. 
It seems that the Joyner and Boore (1988) curve is a fairly conservative 
estimate considering our data points represent the largest peak velocities 
expected from the greatest asperity. An overall average of stations along the 
length of the rupture would be considerably ower. 
DISCUSSION AND CONCLUSIONS 
Using Morgan Hill observations a  empirical Green's functions, we found that 
a majority of the shear wave train can be modeled with pure strike-slip on two 
energetic regions of the fault separated by about 40 sec. Assuming a uniform 
rupture velocity of 2.7 km/sec, this time corresponds toa distance separation of 
approximately 110 km. The rupture velocity was chosen to be 2.7 km/sec based 
on the average value determined from other studies of California strike-slip 
earthquakes (e.g., Hartzell and Heaton, 1983, 1986; Beroza and Spudich, 1986; 
Wald et al., 1990). This assumption fixes the final location of the major asperity 
relative to the hypocenter, and reasonable perturbations from this value (2.4 to 
3.0 km/sec) do not change the synthetic waveforms significantly nor the scaling 
factor required to fit the data. Choosing a constant rupture velocity of 2.4 
km/sec has the effect of shifting the largest source of radiation about 12 km 
closer to the epicenter. We also assumed the rupture front propagates in a 
rather simple fashion because a more complex rupture scenario with repeated 
or delayed rupture episodes cannot be resolved based on the quality of the data 
available. 
The locations of the two sources of strong 10 to 20-sec radiation is consistent 
with Boore's (1977) observation that the source of the main strong motions 
observed at Mt. Hamilton was at least 75 km away. This corresponds with the 
location of the first main asperity in our 1906 source model. The second, larger 
asperity certainly contributed later in the record, but was radiated from a much 
greater distance, nearly 200 km away. 
By comparing the slip model derived from the inversion (Fig. 17, top) with the 
surface offset and the modeled slip from the geodetic data (Fig. 17, bottom), we 
found a general correspondence b tween the hypocentral sperity and a gradi- 
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ent in the amount of slip in the region. The larger asperity between Point Reyes 
and Fort Ross corresponds roughly with the region of largest surface offset and 
geodetic slip. Note that there may really be more variation in the static slip 
than suggested by the geodetic models. Thatcher (1975) assumed a constant slip 
with depth and a fixed depth of rupture along the fault. If the actual depth of 
rupture varied, or the functional form of the slip with depth is similar to other 
strike-slip earthquakes in California, that is a peak in slip at 8 to 9 km and 
tapering off both shallower and deeper, the solution to the geodetic displace- 
ments would be different. 
Another factor that is difficult o evaluate is the effect of rupture dynamics on 
the teleseismic arrivals. Abrupt accelerations of the rupture front can result in 
starting and stopping phases on the teleseismic records. In effect, a model with 
uniform slip, tapered to zero at each end can produce complex records if the 
rupture front is inhibited and then allowed to re-accelerate a number of times. If 
rupture along the central portion of the 1906 rupture zone had a complex 
rupture progression, the total slip estimated in our model could be reduced. 
Likewise, a model with a relatively homogeneous slip and a constant rupture 
velocity might be difficult to recognize teleseismically because of uniformity of 
the radiation. It is likely that the offshore segment of the fault, ruptured in this 
fashion. 
Simulated ground velocities were produced from our estimate of the largest 
asperity. In so doing, we have placed a few "data" points on the attenuation 
curve of Joyner and Boore (1988) which has few observational constraints for 
these close in distances and this large magnitude. Unfortunately, it seems that 
the distribution of Modified Mercalli intensities hown in Figure 2 provides 
little information about variations in the nature of the rupture as a function of 
position along strike, making it difficult to relate our model to the ground 
motions and damage xperienced in 1906. Rather, the Modified Mercalli map 
shows a fairly uniform along strike distribution. This observation is also appar- 
ent in the full-sized isoseismal map (Rossi-Forel scale) given in the Atlas. As 
carefully noted by Lawson (1908), the most striking feature in the apparent 
intensity map is the correlation between the regions of strong shaking and the 
underlying eological conditions, particularly with river and sedimentary basins 
and reclaimed and tidal marsh lands. With the exception of the gradual de- 
crease in intensity with increasing distance to the fault trace, this correlation 
dominates the variations in the intensities. We found no obvious independent 
constraints (i.e., density of topped trees or eyewitness accounts) on the varia- 
tions in shaking intensity along strike. 
It should be noted that there is no significant change in the nature of the 
surface xpression of the San Andreas Fault in the region of maximum slip and 
radiation (between Point Reyes and Fort Ross) and, in fact, the fault tends to be 
simpler than along other portions of the San Andreas Fault. Hence, there is no 
correspondence between the largest asperity (or greatest slip) and surface fault 
trace complexity for the 1906 earthquake. There is, however, a substantial 
right-stepping (releasing) bend just north of the epicentral asperity west of the 
Golden Gate. This step-over is recognizable but not impressive on the scale of 
Figure 1. 
We have not addressed the issue of dip-slip components in the vicinity of the 
Loma Prieta earthquake. From our modeling, we do not consider that the body 
wave data requires a significant component of dip-slip, although it is not clear 
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that the historic seismic data can fully resolve this issue. Recent comparison of 
the horizontal displacements accompanying the 1906 San Francisco and the 
1989 Loma Prieta earthquakes indicate that although the Loma Prieta event 
exhibited nearly equal strike- and dip-slip components offaulting, the 1906 data 
is consistent with strike-slip on a vertical plane (Segall and Lisowski, 1990). 
Likewise, although rupture along the northernmost 140 km of the San Andreas 
(offshore) is not observed in the teleseismic body wave arrivals, based on the 
historical data alone, we do have the resolving power to rule it out. Most likely, 
any slip along that portion of the fault was also relatively uniform and of low 
stress-drop. 
Considering the enormous rupture length of 1906 compared with other large 
ruptures, more complexity in the waveforms might be expected. The above 
observations suggest relatively uniform slip on lengthy portions of the northern 
San Andreas Fault occurred uring the 1906 rupture, and not 10 end-to-end 
"Loma Prieta" style ruptures. Because we can recognize the Loma Prieta 
rupture clearly on the Wiechert instruments at UPP and GOT, such a complex 
rupture would likely be recognizable on the historical records. 
In contrast o the 1906 San Francisco earthquake, other large, continental 
strike-slip earthquakes have had considerably more rupture complexity. For 
example, comparison of WWSSN shear-wave amplitudes and waveforms for the 
1976 Guatemala earthquake (M s = 7.5) shows that the 1906 amplitudes are 
nearly three times larger, yet the waveforms are clearly less complicated. Based 
on the long-period WWSSN body waves, Kikuchi and Kanamori (1991) and 
Young et al .  (1989) associated many large subevents during the Guatemalan 
earthquake with later arrivals in the teleseismic data. As with our model of the 
1906 rupture, for the Guatemalan event, the region of greatest surface slip 
coincides roughly with the largest subevent of the Kikuchi and Kanamori (1991) 
rupture model. Although fairly continuous with few splays, the 1976 rupture 
trace follows an accurate route with a nearly 35 ° change in strike over the 
rupture length (about 240 km), perhaps contributing to the relative complexity 
and numerous identifiable subevents. 
We have suggested that portions of the 1906 rupture occurred such that they 
did not produce large signals in the teleseismic recordings in a bandwidth of 5 to 
20 sec. This does not necessarily imply that those portions of the rupture 
produced only relatively moderate high-frequency ground motions. In fact, this 
remains a pressing issue. Can a smooth rupture, as observed at 15 sec periods, 
be produced by a uniform, but short duration slip which is capable of radiating 
very damaging near-field motions? Alternatively, does the complexity of the 
1976 Guatemala teleseismic recordings (Kikuchi and Kanamori, 1991) require 
that the local ground motions were comparably complex and damaging? Current 
data collections are not sufficient for fully addressing these questions; it will be 
interesting to independently analyze data sets from future large strike-slip 
earthquakes that are recorded at both teleseismic and local distances. 
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